A broad host range multiresistance plasmid pPK237, originating from Pseudomonas aeruginosa mediates high-level resistance to gentamicin and tobramycin.
A broad host range multiresistance plasmid pPK237, originating from Pseudomonas aeruginosa mediates high-level resistance to gentamicin and tobramycin.
It was found to code for two gentamicin modifying enzymes, which from their substrate profile by radioenzymatic assay were characterized as aminoglycoside acetyltransferase AAC(3)-I and aminoglycoside adenylyltransferase AAD(2").
The two enzymes were studied after purification from an Escherichia coli K12 host. The two gentamicin-modifying enzymes coded by pPK237 were completely separated by DEAE chromatography.
The purification (126 fold) of the acetyltransferase was achieved by (NH4)2SO4 precipitation, DEAE chromatography and affinity chromatography.
The purification of the adenylyltransferase was performed by affinity chromatography directly after (NH4)2SO4 precipitation.
Both purified enzyme preparations showed a single protein band on disc electrophoresis.
The Kin for gentamicin C1 of the acetyltransferase was 0.066 mM. The amino acid analysis of the acetyltransferase coded by pPK237 showed a different aminoacid composition than that of the gentamicin acetyltransferase AAC(3)-I purified by WILLIAMS and NORTHROP17). The acetyltransferase after DEAE chromatography is stable for many months at -20°C, while the adenylyltransferase after purification is highly unstable; it shows enzymatic activity only in the presence of Mg++ High level gentamicin-resistance in Pseudomonas appeared in our hospital in 1973, and within some weeks reached 50 % of urine Pseudomonas isolates. It was shown that this resistance was in all cases mediated by multiple-resistance plasmids, carrying genes for resistance to almost all antibacterial drugs in clinical use, at that time, and to mercury6,10). One of these plasmids pPK237 of wide host range, was further studied in more detail in a E. coli K12 host, after confirming by molecular studies that all resistance markers were carried by one single plasmid3).
By biological tests it was first shown that this plastid coded for two gentamicin modifying enzymes3). This was further confirmed by radioenzymatic assay and the two enzymes have been purified and studied. The results of this work are reported here.
Materials and Methods
Plasmid and Host Plasmid pPK237 originating from an urine isolate of P. aeruginosa in 1973, was transferred to E. coli K12 host RC85F-6).
Antibiotics and Chemicals Gentamicins C, C3, Cla, C2, A sulfate salts were obtained from Schering Co., tobramycin from Eli Lilly, kanamycin A and dibekacin from Bristol, neomycin from Upjohn Co., sisomicin, butirosin A and B and lividomycin A were kindly supplied by Professor S. MITSUHASHI, Gunma University, Japan.
[8-14C]Adenosine 5'-triphosphate (601uCi/µmole) and [1-14C] Standard Buffer
Tris-HCl, 10 mm, pH 7.6.
Production of Enzyme
The E. coli RC85/pPK237 was kept in Dorset slope medium at 4°C. All cultures were made in Trypticase Soy Broth (BBL) at 37°C. Crude enzyme preparations were obtained from overnight cultures.
The cells from 2.5 liters culture were washed twice in the stadard buffer and broken by sonication at a concentration of I g wet weight per 5 ml buffer. After centrifugation at 23,000 x g at 4°C the pellets were discarded and the supernatant, the crude preparation, was stored at 20°C. Protein concentration was determined by the method of LOWRY5) .
Radioenzymatic Assay
It was performed according to the technique of BENVENISTE and .DAVIES21) slightly modified, as follows: For the acetyltransferase: 2 nmole of substrate, 2 nmole of [1-1'C] Anion Exchange Chromatography DEAF-cellulose DE52 (Whatman) was equilibrated with 100 mm tris-HCl (pH 7.6), and the chromatography was carried out in a column 2.1 x 9 cm.
Affinity Chromatography
The affinity resin was prepared by coupling 150 mg of gentamicin C1a to 2 g of activated CH-Sepharose 4B (Pharmacia, Sweden) in the presence of carbodiimide according to the procedure described: (Affinity Chromatography, Principles and Methods, Pharmacia, Sweden, 1974) . The size of the column was Ix6cm1).
Elect rcphoresis
Disc gk:l electrophoresis was conducted in a Canalco electrophoresis apparatus, according to the procedure cescribed by GABRIEL8). The separation gel consisted of 7.5% polyacrylamidc and the glass tubes used were 0.5 x 6 cm. Samples of the crude enzyme were run in parallel in each run, which was performed in tris-glycine buffer (pH 8.3), for 2.5 hours and 3 mA per tube.
All samples were run in duplicate.
After electrophoresis one of the duplicates from each sample was dyed for 5 minutes for detection of proteins with Coomassie blue. The duplicate sample was cut in slices 1.8 mm thick, which were placed for 6 hours in individual tubes containing 50 fil of the standard buffer at 4°C and then the eluant was assayed for enzymatic activity.
Amino Acid Analysis The purified enzyme was concentrated by lyophilization and was hydrolyzed in 6,N HCl at 105°C for 24 hours, in evacuated glass tubes9).
The analysis of the sample was conducted using a Beckman amino acid-analyzer.
Results
The ac4uisition of pPK237 conferred high level resistance to both gentamicin and tobramycin to E. coli K 12 hosts. The MIC of gentamicin and tobramycin for the R+ culture was 250 and 125 p.g/ml respectively, compared to 0.25 ps,/ml of both drugs for the R-Culture.
Assay and Characterization of the Gentamicin Modifying Enzymes
The crude enzyme preparation was assayed by radioenzymatic assay20 with gentamicin C1 as sub- Their substrate profiles were studied using fourteen aminoglycoside substrates. From the substrate profiles (Tables 1 and 2 ) the enzymes were characterized as AAC(3)-I',12,13) and AAD(2")2,11). Table 2 . Substrate profile of aminoglycoside 2" adeiiylyltransferase AAD (2").
Reference: KASINS et al. (1974) 2). * ,, BENVENISTE and DAVIES (1971)11) pH and Metal Dependence of the Crude Enzyme Activity The pH dependence of the two enzymes showed that the pH optimum was at 7.6 for the acetyltransferase and pH 7.0 for the adenylyltransferase. Tests of their enzymatic activity in the presence of different cations (Ca++ Mg++ Zn++, NH4+, Na+, K+) and EDTA at a final concentration of 1 mm showed that the acetyltransferase activity was enhanced by 40% in the presence of Ca++ and by 60% in the presence of Mg++ (taking as 100% the activity in the absence of metals) (Fig. 1) . The adenylyltransferase activity was also enhanced by 120% and 110 % in the presence of the two above cations, respectively. The activity of the two enzymes in the presence of different concentrations of the two cations showed that their optimal concentrations were 1.5 mM Mg++ and 1 mm Ca i for the acetyltransferase and 2 mm Mg++ and 1 mm Ca+1-for the adenylyltransferase. Fig. 2 . Chromatography on DEAE cellulose (2.1 x 9 cm) of the crude preparation containing the gentamicin acetylating and gentamicin adenylylating enzymes, coded by pPK 237. 3.5 ml (100 mg protein) of the redissolved 25 ~ 50 % fraction of ammonium sulfate precipitation were added on the column.
Fractions 1 -63 were eluted with a linear gradient of ammonium sulfate 0~0.3 M in standard buffer, and fraction 64100 by a linear gradient of ammonium sulfate 0.3-0.6 M in the same buffer. The flow rate was 0.4 ml per minute and the fractions of 5 ml volume. The effect of EDTA on both enzymes was that their activity was stable at concentrations up to 500 µM. At greater concentrations of EDTA their activity was reduced considerably. The presence of K+ and Na+ had almost no effect on the activity of both enzymes, NH4+ had a low enhancing effect, while Zn++ had inhibitory effect on the acetyltransferase.
Purification of the Enzymes
The acetylating and the adenylylating activities were found in the 25~50% ammonium sulfate precipitate of the supernatant of the disrupted cells. After dialysis against standard buffer the preparation was divided in small aliquots, which were used in the subsequent steps of purification stored at -20°C. All further steps of purification were performed at 4°C.
DEAE Chromatography
A quantity of the dialyzate (3.5 ml), containing 100 mg of protein, was applied to a DEAEcellulose column, which had been equilibrated with the standard buffer. The elution of the column was made by NH4Cl gradient in two stages, first 0~ 0.3 M and the 0.3~0.6 M in standard buffer and total volume of 400 ml. The flow rate was 0.4 ml per minute and 5 ml fractions were collected, which were assayed for acetylating and adenylylating activity towards gentamicin C1. Fig. 2 shows that the acetyltransferase was eluted at 0.15-0.2m NH4Cl, before the bulk of inactive proteins, whereas the adenylyltransferase was eluted at the second stage at 0.35 ~ 0.4 M NH,CI. Thus, the two enzymes were at that stage completely separated, permitting further purification and study of their properties.
Affinity Chromatography of the Acetyltransferase
The affinity column coupled with gentamicin C1e, was washed with standard buffer until no gentamicin C1a was detectable by radioassay of the eluant. Fractions (25th~32nd) were pooled, dialysed against the standard buffer and 13 ml of the dialyzate, containing 2.6 mg protein, were applied to the affinity column. The elution of the acetyltransferase from the affinity column was performed at a flow rate of 0.4 ml per minute by the technique described by WILLIAMS and NORTHROP17) as follows (Fig. 3 ).
Stage I: Fractions 1 ~ 18 were eluted by the standard buffer containing 0.1 mm EDTA. Stage II: Fig. 3 . Affinity chromatography of the acetyltransferase AAC(3)-I coded by pPK237 on gentamicin C1.-Sepharose 4B (1 x 6 cm). 13 ml (2.6 mg protein) obtained by the DEAE chromatography step were added on the column.
Fractions I -18 were eluted with standard buffer containing 0.1 mm EDTA, fractions 19 ~ 28 with the same buffer containing 20 mM (NH4)2SO4 and fractions 29 ~ 38 with 0.1 M potassium acetate buffer (pH 4.6) containing 0.1 M (NH4)2SO4. The flow rate was 0.4 ml per minute and the fractions were 2.3 ml. The pH of the samples was immediately corrected to 7 ~ 8 by 2 M tris-HCl buffer. The acetyltransferase eluted in a sharp peak in fractions 30~32 after lowering the pH by using 0.1 M, potassium acetate buffer (pH 4.6) containing 0.1 M (NH4)2SO4. Each fraction was 2.3 ml and the pH of all samples was corrected, immediately after their elution to 7 -8 by 2 M tris-HCl buffer (pH 7.6). Table 3 summarized the purification steps and the recovery at each stage for the acetyltransferase. After the affinity chromatography the recovery was 31 % and the enzyme was purified 126-fold. Fraction 31 from the affinity column was used for studying the properties of the purified enzyme.
Disc Electrophoresis of the Acetyltransferase
A sample from fraction 31 was lyophilized, redissolved in the standard buffer and samples of 20 pI were used for the disc electrophoresis. In the dyed gel of the purified preparation a single protein band appeared which corresponded to the acetylating activity. It was thus concluded that at this stage the enzyme has been purified extensively.
Properties of the Purified Acetyltransferase
The purified preparation of the acetylating enzyme coded by pPK237 was tested for the following properties, using gentamicin C1 as substrate: a) pH.-optimum: The pH-optimum was found at pH 7.0~7.6. b) Temperature sensitivity: The purified preparation was incubated for 2 minutes at temperatures ranging from 30~ 70°C and then tested for acetylating activity. The purified enzyme is thermosensitive, being drastically inactivated above 40°C c) Effect of metals: The decrease of the enzymatic activity in the presence of Zn++ and EDTA was of the same order as with the crude acetyltransferase while the enhancement of its activity by Ca ++ and Mg+ -was even greater than with the crude enzyme, almost by 100%. d) Substrate profile: The substrate profile of the purified acetyltransferase remained basically the same as in the crude preparation, with lower rate of inactivation of the substrates: gentamicins C, C1 and dibekacin (Table 1 ). e) MICHAELIS constant: The Kin of the purified acetyltransferase for gentarnicin C1 was determined from initial velocity measurements 15 and 30 seconds after the addition of the enzyme. The data obtained from the two sets of experiments agreed and the Km for gentamicin C, was 0.066 mM, as calculated from the LINE-WEAVER-BuRK plot (Fig. 4) . f) Molecular weight: Attempts at determination of the molecular weight were not successful, because the acetyhransferase, when passed through a Sephadex column was completely inactivated in both the crude and the purified preparation. g) Amino acid analysis: The single protein band-found by the disc electrophoresis corresponding to the acetylating activity of the purified preparation indicated that the enzyme was the main protein of the preparation. Therefore, amino acid analysis was performed, as described in methods, and the concentration of each amino acid was deter- Table 4 shows our results in comparison to the amino acid analysis of AAC(3)-I from E. coli C600/JR 88, purified by WILLIAMS and NORTHROP17). The differences in the amino acid composition of the two preparations and especially the absence of proline in our preparation strongly suggests that the two enzymes were different.
Stability of the Acetyltransferase
The acetyltransferase at -2WC was stable for many months as a crude preparation and after DEAE chromatography. The preparation after affinity chromatography was also stable for several days at -20°C .
Purification of the Adenylyltransferase
In contrast to the acetyltransferase, the adenylyltransferase following DEAE chromatography became completely inactive. Therefore, for the purification of the adenylyltransferase, affinity chromatography was used directly after the ammonium sulfate fractionation. A sample of 1 m] from the redissolved 25~50% ammonium sulfate precipitate, containing 24 mg protein was applied to the affinity column of the gentamicin C,,, coupled resin. The elution of the enzymes was performed in two stages:
1) by KCI gradient 0-0.8 M in the standard buffer (fractions 1~ 32), where the acetyltransferase and the bulk of inactive protein was eluted, 2) by lowering the pH (fractions 33~60) with potassium acetate buffer 0.1 M pH 4.6 containing 0.1 M (NH4)2SO4, where the adenylyltransferase was eluted at first in a sharp peak, followed by a shoulder of two other peaks, which was reproducible in repeated experiments.
Disc Electrophoresis of the Adenylyltransferase
Fractions 42-44 of the sharp peak of adenylylating activity after affinity chromatography were 
Properties of the Purified Adenylyltransferase
The purified enzyme after affinity chromatography was very unstable, thus it was not possible to calculate the recovery of the enzyme and the grade of purification. Because of this instability the tests for the properties of the purified adenylyltransferase had to be performed immediately or at the latest within a few hours after the affinity chromatography purification.
Effect of Metals
The adenylylating activity of the purified enzyme was detected only in the presence of 2 mm Mg++ pH-Optimum
The pH-optimum was at pH 7.9, the same as in the crude preparation.
Substrate Profile either acetylation of amino groups or adenylylation of hydroxyl groups20). Since 1971, several gentamicin C-modifying enzymes have been found, especially as plasmid-mediated in different species of Enterobacteriaceae and in Pseudomonas4.14.19) A taxonomy of these enzymes was attempted in 1974, where the terminology of the enzymes was established according to the type of modification, and the nature and position of the group modified16).
Since then several varieties of these enzymes have been described in Gram-negative bacteria 7). However, an extremely limited number of the gentamicin C-modifying enzymes have been purified to homogeneity 17). The contribution of our work is that two gentamicin modifying enzymes, which are coded by a single plasmid3), were separated and studied after a considerable degree of purification. According to their substrate profiles the two enzymes have been characterized as AAC(3)-I and AAD(21)7,15).
Chromatography on DEAE cellulose has been found to be a suitable step for the separation of the two gentamicin C-modifying enzymes.
The acetyltransferase remained stable for many months at -20°C , after DEAE chromatography, permitting its further purification. The key step for its purification was the application of affinity chromatography, on gentamicin C1a -CH Sepharose 4B. The use of CH-Sepharose containing a 6-carbon spacer gave better purification results than Sepharose without spacer.
Elution of the acetyltransferase from the affinity column by salt gradient gave a broad peak, whereas by lowering the pH this enzyme was eluted as a sharp peak. After affinity chromatography the purification of the acetyltransferase was 126-fold. The purified preparation of the gentamicin acetyltransferase coded by pPK237 has a different amino acid composition (the main difference is lack of proline in our enzyme), from the AAC(3)-I coded by JR8817). The enzymes differed also in their pH profiles, the pH activity of the AAC(3)-I of JR88 ranging from 5.5 to 8.517) and that of pPK237 from 7.0 to 7.6. However, the similarity in the substrate profile of the two enzymes indicates that both belong to the AAC(3)-I class15). The main properties of the gentamicin acetyltransferase, coded by pPK237, are: it is constitutive, stable, its activity is enhanced by Ca++ and Mg++ (1 mm) and the purified preparation has a Km for gentamicin C, 0.066 mm. Although there appear to be differences in properties and composition of the AAC (3) of pPK237 and that of JR88 the two enzymes have not been compared directly in activity or structural studies.
Such additional studies are desirable for a definitive comparison. Because of its stability this enzyme has been used extensively in our laboratory for assaying gentamicin in body fluids.
The adenylyltransferase coded by pPK237 was very unstable after the DEAE chromatography step, in contrast to the adenylyltransferase coded by JR 76.2, which after DEAE chromatography became more stable than in the crude preparation18).
Because of its instability affinity chromatography on gentamicin C,, -CH sepharose 4B has been used directly after ammonium sulfate fractional precipitation for obtaining a more pure preparation. The adenylyltransferase from the affinity chromatography column could not be eluted by a salt gradient, even in high salt concentrations, as has also been described by GOLDMAN and NORTHROP18). The enzyme was eluted by lowering the pH of the buffer, as a sharp peak, followed by a shoulder, which was reproducible in repeated experiments. By this elution method affinity chromatography provided a suitable technique for the purification of the adenylyltransferase. The main characteristics of the purified gentamicin adenylyltransferase coded by pPK237 was that the activity of the enzyme was detectable in the presence only of Mg++ 2 mm and its high instability, its activity retained for only a few hours at 4°C. The concomitant presence of genes coding for two different gentamicin modifying enzymes in a single plasmid causes the high level of resistance to gentamicin mediated by pPK237. This is supported by the fact that rare variants, deletion mutants, were obtained, lacking either adenylyltransferase or acetyltransferase activity, which had lower levels of gentamicin resistance3).
